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ABSTRACT 

W i t h  s o l a r  a c t i v i t y  n e a r  maximum, t h e  l a r g e s t  e r r o r  i n  t h e  use o f  t h e  G l o b a l  P o s i t i o n i n g  System (GPS) f o r  
common-view t i m e  t r a n s f e r  can be t h e  c o r r e c t i o n  f o r  i o n o s p h e r i c  d e l a y .  T h i s  paper  d e s c r i b e s  t h e  use of d a t a  
f r o m  two  d i f f e r e n t  code less  i o n o s p h e r i c  measurement systems t o  c o r r e c t  common-view t i m e  t r a n s f e r  
measurements. We f i r s t  d e s c r i b e  t h e  d e s i g n  o f  t h e  systems,  t h e n  l o o k  a t  t h e  d a t a .  
i o n o s p h e r i c  v a l u e s  w i t h  t h o s e  f rom t h e  i o n o s p h e r i c  model pa ramete rs  b r o a d c a s t  f rom t h e  GPS s a t e l l i t e s .  
compu t ing  t i m e  t r a n s f e r  va lues  among t h r e e  t i m e  s t a n d a r d s  l a b o r a t o r i e s :  O b s e r v a t o i r e  de P a r i s ,  P a r i s ,  
F rance :  N a t i o n a l  I n s t i t u t e  o f  S tandards  and Technology,  Bou lde r .  Co lo rado .  USA: and Communications Research 
L a b o r a t o r y .  Tokyo,  Japan. Combin ing t h e s e  t i m e  t r a n s f e r s  we can o b t a i n  c l o s u r e  around t h e  w o r l d .  S i n c e  t h i s  
c l o s u r e  s h o u l d  add t o  ze ro .  we o b t a i n  a c l e a r  measure o f  t h e  q u a l i t y  o f  t h e  o v e r a l l  t i m e  t r a n s f e r  system. We 
make a n o t h e r  compar ison between t h e s e  r e s u l t s  and i o n o s p h e r i c  measurements u s i n g  a Faraday r o t a t i o n  system. 

We compare t h e  measured 

INTRODUCTION 

For  most  o f  t h e  l a s t  decade. s o l a r  a c t i v i t y  has been low  and t h e  c o n t r i b u t i o n  o f  t h e  i o n o s p h e r i c  d e l a y  
model e r r o r  t o  t h e  e r r o r  budge t  f o r  GPS common v iew  t i m e  t r a n s f e r  has been t o l e r a b l e  C11. However, s i n c e  t h e  
model accu racy  i s  abou t  50%. an i n c r e a s e  i n  t h e  o v e r a l l  d e l a y  i n c r e a s e s  t h e  e r r o r  i n  u s i n g  t h e  mode l .  Now 
t h a t  we a r e  approach ing  a maximum i n  t h e  a p p r o x i m a t e l y  11 y e a r  sunspo t  c y c l e .  t h e  L 1  i o n o s p h e r i c  d e l a y s  a r e  
approach ing  100 ns f o r  t h e  l o w  ang les  used f o r  i n t e r c o n t i n e n t a l  t i m e  t r a n s f e r .  We t h e r e f o r e  need t o  be a b l e  
t o  measure t h e  i o n o s p h e r i c  d e l a y  r a t h e r  t h a n  use t h e  pa ramete rs  f r o m  t h e  t r a n s m i t t e d  model .  Cost  and 
s e c u r i t y  d i c t a t e  t h a t  we c o n s i d e r  o n l y  a c o d e l e s s  t y p e  r e c e i v e r .  as opposed t o  a u n i t  t h a t  f u l l y  decodes t h e  
p r e c i s e  code (P -code) .  

Two such c a l i b r a t o r s  w i t h  somewhat d i f f e r e n t  d e s i g n s  a r e  used i n  t h i s  s t u d y .  M. Imae b u i l t  a 
c a l i b r a t o r  w i t h  t h e  s u p p o r t  o f  t h e  Bureau I n t e r n a t i o n a l  des Po ids  e t  Mesures (BIPM) w h i l e  employed a t  t h e  
Communications Research L a b o r a t o r y  (CRL). 
o p e r a t i n g  a t  t h e  B I P M .  An improved  c o m m e r c i a l l y  a v a i l a b l e  v e r s i o n  i s  l o c a t e d  a t  CRL. Kashima Space Research 
C e n t e r  (SRC). Da ta  f r o m  b o t h  o f  t hese  were used  i n  t h i s  paper .  A d i f f e r e n t  c a l i b r a t o r  was b u i l t  a t  t h e  
N a t i o n a l  I n s t i t u t e  o f  S tandards  and Technology (N IST) .  and t h i s  d e s i g n  i s  now b e i n g  dep loyed  a t  v a r i o u s  
l o c a t i o n s  around t h e  w o r l d .  
f rom t h a t  a t  NIST. w i t h  a sma l l  amount o f  d a t a  a v a i l a b l e  f r o m  an i d e n t i c a l  c a l i b r a t o r  a t  t h e  O b s e r v a t o i r e  de 
P a r i s  ( O P ) .  

The f i r s t  p r o t o t y p e  o f  t h e s e  B I P M  t y p e  c a l i b r a t o r s  i s  s t i l l  

F o r  t h i s  s t u d y .  d a t a  f r o m  t h e  NIST t y p e  o f  c a l i b r a t o r  were a v a i l a b l e  p r i m a r i l y  

Fo r  t h i s  paper .  i o n o s p h e r i c  measurements were a p p l i e d  t o  GPS d a t a  f r o m  MJD 47886 t o  47913, much of t h e  
month of January.  1990. For  d a t a  f r o m  P a r i s .  we used t h e  c a l i b r a t o r  a t  t h e  BIPM t o  c o r r e c t  G P S  d a t a  f rom OP. 
I n  Japan t h e  i o n o s p h e r i c  c a l i b r a t o r  was a t  Kashima SRC and t h e  GPS r e c e i v e r  was a t  t h e  CRL l a b o r a t o r y  a t  
Koganei  about  100 km away. I n  Bou lde r .  b o t h  t h e  NIST i o n o s p h e r i c  c a l i b r a t o r  and a GPS r e c e i v e r  were l o c a t e d  
a t  NIST. 
measurements p a i r w i s e  between l o c a t i o n s .  

The GPS d a t a  were t a k e n  a c c o r d i n g  t o  t h e  BIPM schedu le  a t  each l o c a t i o n ,  t h u s  i n s u r i n g  s i m u l t a n e o u s  

C a l i b r a t o r  Des ign :  The B I P M  C a l i b r a t o r  

The B I P M  c a l i b r a t o r  conce ived  and b u i l t  by M i c h i t o  Imae was t h e  f i r s t  code less  i o n o s p h e r i c  c a l i b r a t o r .  
I t  measures t h e  i o n o s p h e r i c  d e l a y  by measur ing  t h e  r e l a t i v e  de lay  of  t h e  phase o f  t h e  r e c e i v e d  P-code c l o c k  
between t h e  two L -band  GPS f r e q u e n c i e s .  L 1  and L2.  
r e s p e c t i v e l y .  S i n c e  t h e  d e l a y  o f  t h e  P-code t h r o u g h  t h e  i onosphere  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  square 
o f  t h e  c a r r i e r  f r e q u e n c y ,  t h e  t o t a l  phase d e l a y  o f  t h e  code on e i t h e r  f r e q u e n c y  i s  p r o p o r t i o n a l  t o  t h e  
d i f f e r e n t i a l  phase change between them. We i l l u s t r a t e  t h i s  be low.  L e t :  

These f r e q u e n c i e s  a r e  1 . 5 7 5  GHz and 1.228 GHz 

d p h s l  = t h e  change i n  phase o f  t h e  code a t  L1. 
dphsi! = t h e  change i n  phase o f  t h e  code a t  L2. 

S ince  t h e  L 1  f requency i s  154  t i m e s  t h e  P-code c l o c k  f requency ,  N = 10.23 MHz, and L2 i s  120 t i m e s  t h e  
same f requency ,  we may w r i t e  

d p h s l  = k/ (154*N)2,  and dphs2 = k/(120*N)'.  
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where k i s  p r o p o r t i o n a l  t o  t h e  t o t a l  e l e c t r o n  c o n t e n t  a l o n g  t h e  s i g n a l  p a t h .  

If t h e  code s t a r t s  o u t  i n  phase between L 1  and 1 2 .  t h e n  we measure (dphs2  - d p h s l ) .  t h e  d i f f e r e n t i a l  
phase change. The t o t a l  d e l a y  on L 1  t h e n  i s :  

d p h s l  = Idphs2  - d p h s l l / C ( 1 5 4 / 1 2 0 ) 2  - 11. 

Thus. t h e  t o t a l  d e l a y  i s  p r o p o r t i o n a l  t o  t h e  r e c e i v e d  phase d i f f e r e n c e .  As sugges ted  by MacDoran p r i o r  
t o  1982,  t h e  d i f f e r e n t i a l  phase between t h e  L1 code and t h e  L2 code can be measured w i t h o u t  knowing t h e  code 
i t s e l f .  s i n c e  i t  i s  t h e  same on b o t h  f r e q u e n c i e s  C2.3.41.  

The B I P M  c a l i b r a t o r  has been d e s c r i b e d  i n  d e t a i l  e l sewhere  C5.61. so we s i m p l y  o u t l i n e  i t s  c o n s t r u c t i o n  
h e r e .  The systems a t  t h e  B I P M  and a t  CRL b o t h  r e c e i v e  t h e  L 1  and L2 s i g n a l s  t h r o u g h  a d i r e c t i o n a l  antenna 
wh ich  p r o v i d e s  some g a i n ,  c u t s  back  m u l t i p a t h  e f f e c t s ,  and he lps  e l i m i n a t e  i n t e r f e r e n c e  between s a t e l l i t e s .  
The L 1  and 1 2  s i g n a l s  a r e  a m p l i f i e d  and m u l t i p l i e d  down on separa te  channe ls ,  t h e n  a r e  c r o s s - c o r r e l a t e d .  Two 
c r o s s  c o r r e l a t i o n s  a r e  done between t h e  L1 and L2 channe ls :  one d i r e c t ,  and one w i t h  a f i x e d  d e l a y  i n  t h e  L 1  
c h a n n e l .  From t h e s e  two  o u t p u t s .  t h e  d i f f e r e n t i a l  d e l a y  between t h e  phases o f  t h e  two  codes can be 
d e t e r m i n e d ,  

The system t r a c k s  a s i n g l e  s a t e l l i t e  f o r  4 m i n .  t a k i n g  1 m i n  t o  p o i n t  t h e  antenna and 3 m i n  f o r  
measurement. 
t o t a l  i o n o s p h e r i c  d e l a y  of t h e  L 1  code. as w e l l  as t h e  v e r t i c a l  d e l a y .  T h i s  d a t a  i s  s t o r e d  i n  a 
m ic rocompu te r  which o p e r a t e s  t h e  system. The c a l i b r a t o r  t r a c k s  based on an  e n t e r e d  schedu le .  The 
i n t e r n a t i o n a l  common v iew  schedu le  d i v i d e s  t h e  day i n t o  16 m in  t r a c k s .  
f o u r .  4 m i n  t r a c k s  by t h e  i o n o s p h e r i c  c a l i b r a t o r  on t h e  s a t e l l i t e  b e i n g  t r a c k e d  d u r i n g  t h a t  1 6  m i n  a c c o r d i n g  
t o  t h e  B I P M  schedu le .  

The n o i s e  l e v e l  a f t e r  4 m i n u t e s  of a v e r a g i n g  i s  a t  t h e  nanosecond l e v e l .  The system computes 

The common p r a c t i c e  i s  t o  schedu le  

The c a l i b r a t o r  i s  a s t a n d - a l o n e  u n i t .  I t  needs a 5 MHz sou rce  w i t h  a t  l e a s t  t h e  s t a b i l i t y  o f  a good 
q u a r t z  o s c i l l a t o r .  and an almanac o f  t h e  GPS s a t e l l i t e s  n o  more t h a n  abou t  3 weeks o l d .  

C a l i b r a t o r  Design:  The NIST C a l i b r a t o r  

L i k e  t h e  B I P M  c a l i b r a t o r .  t h e  N I S T  c a l i b r a t o r  a l s o  was d e s c r i b e d  i n  d e t a i l  e l sewhere  161. s o  we 
summarize i t s  d e s i g n  h e r e .  I t  i s  a l s o  a code less  i o n o s p h e r i c  c a l i b r a t o r  t h a t  r e c o v e r s  t h e  P-code c l o c k  on L1 
and L Z  and uses t h e  phase d i f f e r e n c e  t o  compute t h e  L 1  i o n o s p h e r i c  de lay .  M a j o r  f e a t u r e s  o f  t h e  ha rdware  
i n c l u d e  d u a l - v o l u t e  o m n i - d i r e c t i o n a l  antennas on a choke r i n g  g round  p l a n e ,  v e r y  l o w - n o i s e  f r o n t  end. and 
a l t e r n a t e  L l - - L E  phase samp l ing  t h r o u g h  a common I F  channe l .  S / N  o f  t h e  r e c o v e r e d  P-code c l o c k s  i s  t y p i c a l l y  
p o s i t i v e  by seve ra l  d e c i b e l s  i n  a 100 Hz bandw id th .  S i g n a l s  a r e  p rocessed  as 8 b i t  d a t a ,  w i t h  a l l  s a t e l l i t e s  
i n  v i e w  i n d i v i d u a l l y  (and  s i m u l t a n e o u s l y )  t r a c k e d  i n  r e a l  t i m e  t o  r e c o v e r  t h e  i o n o s p h e r i c  d e l a y  va lues .  A l l  
p r o c e s s i n g  i s  w i t h  an i n t e r n a l  8 b i t  CMOS m i c r o p r o c e s s o r .  

T h i s  system d i f f e r s  f r o m  t h e  B I P M  c a l i b r a t o r  b o t h  i n  t h a t  i t  uses an o m n i - d i r e c t i o n a l  antenna,  
r e c e i v i n g  s i g n a l s  f r o m  a l l  s a t e l l i t e s  i n  v iew ,  and i t  samples t h e  L 1  and L2 f r e q u e n c i e s  s e q u e n t i a l l y .  
I n s t e a d  o f  c o r r e l a t i n g  t h e  two  s i g n a l s ,  t h e  NIST c a l i b r a t o r  uses a d e l a y - a n d - m u l t i p l y  o p e r a t i o n  t o  r e c o v e r  
t h e  P -code  c l o c k s  f o r  a l l  s a t e l l i t e s  i n  v iew  on one o f  t h e  L-band f requenc ies .  t h e n  samples t h i s  s i g n a l  a t  
250 Hz w i t h  8 b i t  samples. 
s a t e l l i t e s  as f o l l o w s .  
t h e s e  Dopp le r  s h i f t s .  The phases o f  t h e  P-code c l o c k s  a r e  r e c o v e r e d  by m u l t i p l y i n g  t h e  sampled s i g n a l  by 
s i n e ( - w p )  and c o s i n e ( - w p )  and summing t h e  s i n e  and c o s i n e  components f o r  7 .5  s .  A f o u r - q u a d r a n t  a r c  t a n g e n t  
o f  t h e  q u o t i e d t  o f  t h e  s i n e  sum o v e r  t h e  c o s i n e  sum y i e l d s  t h e  c l o c k  phase. Measurements on L 1  and 12 a r e  
c a r r i e d  o u t  s e q u e n t i a l l y :  t h a t  i s .  L 1  i s  measured f o r  7.5 s f o l l o w e d  by a 7.5 s measurement o f  L 2 .  T h i s  i s  
ana logous  t o  t h e  t a u - d i t h e r  l o o p  i n  a G P S  r e c e i v e r  and p r o v i d e s  s i m i l a r  advantages and d i sadvan tages .  The 
m a j o r  d i s a d v a n t a g e  i s  a d e g r a d a t i o n  o f  t h e  s i g n a l - t o - n o i s e  by 3 dB. Advantages i n c l u d e  g r e a t e r  s i m p l i c i t y  
and s t a b i l i t y :  s i n c e  t h e  same na r row-band  I F  i s  used f o r  b o t h  L 1  and  L2. t h e  p o t e n t i a l  f o r  e r r o r s  due t o  
unequa l  phase s h i f t s  t h r o u g h  s e p a r a t e  channe ls  i s  m i n i m i z e d .  

The s o f t w a r e  measures t h e  phase o f  t h e  P-code on  t h a t  f r e q u e n c y  f o r  a l l  
S a t e l l i t e s  a r e  separa ted  by t h e i r  d i f f e r e n t  Dopp le r  s h i f t s  and t h e  r a t e s  o f  change o f  

To separa te  s a t e l l i t e s  and d e t e r m i n e  t h e i r  code phases t h e  NIST c a l i b r a t o r  needs t o  know t h e  Dopp le r  
s h i f t  on each s a t e l l i t e  t o  b e t t e r  t h a n  10 mHz. T h i s  canno t  be done u s i n g  t h e  b r o a d c a s t  ephemer is  from t h e  
s a t e l l i t e .  I n s t e a d ,  t h e  NIST c a l i b r a t o r  uses a second-o rde r  f r e q u e n c y - l o c k e d  l o o p .  Phase d i f f e r e n c e  f r o m  
one L 1  measurement t o  t h e  n e x t  i s  used t o  compute f r e q u e n c y  e r r o r  i n  (wp)  and  c l o s e  t h e  t r a c k i n g  l o o p .  

When development  i s  comp le te ,  t h e  normal  mode o f  o p e r a t i o n  o f  t h e  i o n o s p h e r i c  c a l i b r a t o r  w i l l  be i n  
p a r a l l e l  w i t h  a GPS c o a r s e - a c q u i s i t i o n  (C/A)  code t i m e  t r a n s f e r  r e c e i v e r .  w i t h  t h e  measured i o n o s p h e r i c  d a t a  
a u t o m a t i c a l l y  a v a i l a b l e  t o  r e p l a c e  t h e  mode l l ed  i o n o s p h e r i c  d a t a  t r a n s m i t t e d  by t h e  s a t e l l i t e .  I n  t h i s  way, 
t h e  i o n o s p h e r i c  c a l i b r a t o r  o p e r a t i o n  w i l l  be n e a r l y  t r a n s p a r e n t  t o  t h e  t i m e - t r a n s f e r  u s e r .  

The c a l i b r a t o r  can a l s o  be used as a s t a n d - a l o n e  u n i t  f o r  i o n o s p h e r i c  measurements, w i t h  va lues  o f  L 1  
d e l a y  f o r  a l l  s a t e l l i t e s  i n  v i e w  a v a i l a b l e  from one o f  t h e  two s e r i a l  p o r t s  as o f t e n  as e v e r y  15 s .  
t h e s e  d a t a  a r e  s t o r e d  a f t e r  smoo th ing  f o r  15 m i n  w i t h  a l i n e a r  f i t  and a r e  a v a i l a b l e  v i a  modem f o r  up t o  t w o  
weeks. depending on t h e  number o f  s a t e l l i t e s  i n  t h e  system. I n  t h i s  mode, t h e  c a l i b r a t o r  must  be s e t  on t i m e  
w i t h i n  ? 1 min  and r e q u i r e s  a copy o f  t h e  G P S  almanac, upda ted  e v e r y  1 t o  4 weeks. A s t a b l e  sou rce  o f  5 MHz 
power i s  r e q u i r e d .  p r e f e r a b l y  f rom a ces ium o r  r u b i d i u m  s t a n d a r d :  however, a c r y s t a l  o s c i l l a t o r  w i t h  a d r i f t  
r a t e  o f  p a r t s  i n  p e r  day i s  s a t i s f a c t o r y .  

A l s o .  

The s t a b i l i t y  o f  t h i s  i o n o s p h e r i c  c a l i b r a t o r  i s  1 - 4  n s  f o r  15  saverages w i t h  t h e  u l t i m a t e  l i m i t a t i o n  t o  
a c c u r a c y  b e i n g  m u l t i p a t h  i n t e r f e r e n c e  [ E l .  
r a d i a t i o n  p a t t e r n s  o f  t h r e e  g round  p lanes  were measured on t h e  antenna t e s t  range .  
p r o v i d e d  a t  l e a s t  7 dB a d d i t i o n a l  a t t e n u a t i o n  a t  0" e l e v a t i o n ,  compared t o  t h e  b a r e  h e l i x .  U n t i l  now, i t  h a s  

The antennas a r e  equ ipped  w i t h  choke r i n g  g round  p lanes .  The L 1  
The g round  p l a n e s  



n o t  been de te rm ined  whether  n o i s e  f i g u r e  o r  m u l t i - p a t h  i n t e r f e r e n c e  r e d u c t i o n  i s  p redominan t  i n  t h e  measured 
n o i s e  r e d u c t i o n :  however, s i n c e  b o t h  a good n o i s e  f i g u r e  and reduced  m u l t i p a t h  e f f e c t s  a r e  d e s i r a b l e .  t h e  
c a l i b r a t o r s  a r e  equipped w i t h  c h o k e - r i n g  ground p l a n e s .  M u l t i p a t h  i n t e r f e r e n c e  w a s  s t u d i e d  by compar ing  t h e  
measurements between two d i f f e r e n t  c a l i b r a t o r s .  I t  was found t h a t  by a d d i n g  microwave abso rben t  m a t e r i a l  
i n s i d e  o f  t h e  i n n e r  choke r i n g ,  v a r i a t i o n s  between t h e  two systems were reduced t o  p e a k - t o - p e a k  v a l u e s  o f  a 
few  nanoseconds. 

Compar ison Between t h e  B I P M  and t h e  N I S T  C a l i b r a t o r s  

I n  f i g u r e s  1 and 2 we see t h r e e  days o f  i o n o s p h e r i c  de lay  d a t a  c o n v e r t e d  t o  t h e  v e r t i c a l  d e l a y ,  t a k e n  
i n  P a r i s  by t h e  two c a l i b r a t o r s :  t h e  NIST c a l i b r a t o r  a t  OP i n  f i g u r e  1 and t h e  B I P M  c a l i b r a t o r  i n  f i g u r e  2. 
The c o n v e r s i o n  assumes t h a t  t h e  i onosphere  i s  a s p h e r i c a l  s h e l l  w i t h  u n i f o r m  e l e c t r o n  d e n s i t y .  A c o r r e c t i o n  
i s  a p p l i e d  f o r  a z i m u t h  and f o r  t h e  c u r v a t u r e  o f  t h e  e a r t h .  The NIST d a t a  p l o t  v e r t i c a l  d e l a y s  f o r  many 
s a t e l l i t e s  t r a c k e d  s i m u l t a n e o u s l y  a t  v a r y i n g  e l e v a t i o n s  and az imu ths .  t h u s  h a v i n g  d i f f e r e n t  p o i n t s  o f  
i n t e r s e c t i o n  w i t h  t h e  i onosphere  f o r  t h e  v e r t i c a l  d e l a y  compu ta t i on .  S i n c e  t h e  s a t e l l i t e  e l e v a t i o n  can v a r y  
f r o m  15' t o  90". u s i n g  a v e r t i c a l  h e i g h t  o f  300 km f o r  t h e  i o n o s p h e r e  we see t h a t  t h e  i o n o s p h e r e  c o u l d  be 
p i e r c e d  anywhere i n  a c i r c l e  o f  d iamete r  2000 km. Thus we e x p e c t  t h e  t r u e  v e r t i c a l  d e l a y  to have a 
s i g n i f i c a n t  v a r i a t i o n  among d i f f e r e n t  s a t e l l i t e s  measured s i m u l t a n e o u s l y ,  e s p e c i a l l y  nea r  s u n r i s e  and sunse t .  
W i t h  t h i s  i n  mind,  t h e  agreement between t h e  two u n i t s  seems v e r y  good. Some o f  t h e  v a r i a t i o n  between 
measurements i s  a l s o  due t o  d i f f e r e n c e s  i n  t h e  hardware o f  t h e  s a t e l l i t e s .  Our measurement o f  t h e  
i o n o s p h e r i c  d e l a y  depends on t h e  phase coherence o f  t h e  code between L 1  and L2 a t  t r a n s m i s s i o n .  I n  f a c t  
t h e r e  a r e  some sma l l  unknown d e l a y s  between these  phases wh ich  d i f f e r  among t h e  s a t e l l i t e s .  

Compar ison w i t h  Faraday R o t a t i o n  

F i g u r e  3 shows a compar i son  between t h e  v e r t i c a l  i o n o s p h e r i c  d e l a y  f r o m  t h e  N I S T  u n i t  and t h e  
c o r r e s p o n d i n g  da ta  from t h e  Faraday p o l a r i m e t e r  a t  B o u l d e r .  T h i s  sys tem r e c o r d s  t h e  136.38 MHz s i g n a l  f rom 
t h e  GOES-3 geosynchronous s a t e l l i t e  l o c a t e d  near  0' N .  130.1" W .  The r a y  p a t h  t r a n s i t s  t h e  i o n o s p h e r e  near  
36.4 '  N.109.4' W :  t h e  c o o r d i n a t e s  o f  B o u l d e r  a r e  40' N .  105.3' W .  
January .  1990 ave raged  d a i l y  t o  g i v e  t h e  average d i u r n a l  e f f e c t .  0 h UT i s  5 pm l o c a l  t i m e .  Most  o f  t h e  GPS 
s a t e l l i t e s  were up a t  n i g h t  d u r i n g  t h i s  month. A t  n i g h t  t h e  GPS v a l u e s  a r e  h i g h e r  t h a n  t h e  Faraday v a l u e s .  
T h i s  i s  t o  be expec ted  s i n c e  t h e  Faraday t e c h n i q u e  i s  s e n s i t i v e  t o  e l e c t r o n s  up t o  a h e i g h t  o f  o n l y  abou t  
2000 km. whereas t h e  G P S  measurements a r e  a f f e c t e d  by e l e c t r o n s  up t o  t h e  h e i g h t  o f  t h e  s a t e l l i t e s  C91. The 
d i f f e r e n c e  i s  p a r t l y  due t o  the p r o t o n o s p h e r i c  c o n t e n t  L101. and p a r t l y  due t o  t h e  unknown phase d e l a y  
between t h e  L1 and L2 codes among t h e  v a r i o u s  s a t e l l i t e s .  The d i s c r e p a n c i e s  d u r i n g  t h e  day a r e  p r o b a b l y  due 
t o  t h e  d i f f e r e n t  g e o g r a p h i c a l  l o c a t i o n s  between t h e  Faraday and t h e  G P S  r a y p a t h s .  as w e l l  as t h e  r e l a t i v e l y  
s m a l l  GPS da ta  samples t a k e n  d u r i n g  t h e s e  t i m e s .  

The p l o t  shows da ta  f r o m  t h e  mon th  o f  

G P S  Time T r a n s f e r  w i t h  I o n o s p h e r i c  C a l i b r a t i o n  

Three G P S  common-view t i m e  t r a n s f e r s  were computed u s i n g  t h e  two  t y p e s  o f  GPS i o n o s p h e r i c  c a l i b r a t o r :  
UTC(0P) - UTC(NIST).UTC(CRL) - UTC(0P). and UTC(N1ST) - UTC(CRL). The GPS d a t a  were t a k e n  a c c o r d i n g  t o  the 
B I P M  schedu le  a t  each l o c a t i o n .  t h u s  i n s u r i n g  t h a t  t h e r e  be s i m u l t a n e o u s  measurements p a i r - w i s e  between 
l o c a t i o n s .  S t r i c t  common-view d a t a  was used: each measurement needed t o  be p r e s e n t  a t  each l e g  o f  a p a i r  O f  

s t a t i o n s .  Each b ranch  was c o r r e c t e d  e i t h e r  u s i n g  t h e  m o d e l l e d  o r  t h e  measured i o n o s p h e r i c  v a l u e s .  

We compared t h e  d e v i a t i o n  i n  t i m e  t r a n s f e r  v a l u e s  o v e r  each day between t h o s e  u s i n g  t h e  GPS m o d e l l e d  
i o n o s p h e r e  and t h e  measured. T h i s  d e v i a t i o n  i s  due p r i m a r i l y  t o  e i t h e r  s a t e l l i t e  ephemer is  e r r o r .  e r r o r s  i n  
t h e  i o n o s p h e r i c  c o r r e c t i o n  a p p l i e d ,  o r  m u l t i p a t h  d i s t u r b a n c e s  C11. O t h e r  p o s s i b l e  sou rces  of d e v i a t i o n  
i n c l u d e  t r o p q s p h e r i c  m o d e l l i n g  e r r o r s ,  i n c o r r e c t  an tenna  c o o r d i n a t e s ,  and c l o c k  d i s p e r s i o n  between 
measurements. However. we t h i n k  t h e s e  l a t t e r  e r r o r s  do n o t  c o n t r i b u t e  s i g n i f i c a n t l y  h e r e .  Fo r  t h e  
compar i son  between t h e  m o d e l l e d  and measured i o n o s p h e r i c  v a l u e s  we i n s i s t e d  t h a t  b o t h  forms o f  common-view 
d a t a  be a v a i l a b l e  b e f o r e  u s i n g  a p o i n t  i n  compu ta t i ons .  

We have s i m p l y  d e t e r m i n e d  i f  t h e  d e v i a t i o n s  among d a i l y  t r a c k s  dec rease  w i t h  t h e  u s e  o f  measured 
i o n o s p h e r i c  v a l u e s .  We c o u l d  l a t e r  s t u d y  more c a r e f u l l y  t h e  sou rces  o f  t h e s e  d e v i a t i o n s .  
Time t r a n s f e r  u s i n g  a p a r t i c u l a r  s a t e l l i t e  and t i m e  o f  day g i v e s  a t i m e  s e r i e s  o f  one p o i n t  p e r  s i d e r e a l  day.  
It i s  p o s s i b l e  t o  s tudy  t h e s e  t i m e  s e r i e s  and d e t e r m i n e  i f  t h e r e  i s  a c o n s i s t e n t  s t a t i s t i c a l l y  s i g n i f i c a n t  
b i a s ,  and i f  t h e  v a r i a t i o n s  a round  t h i s  b i a s  a r e  w h i t e .  

We p r e s e n t  t h e  ave rage  d a i l y  s t a n d a r d  d e v i a t i o n s  i n  T a b l e  1 be low.  The r e s u l t s  were s u r p r i s i n g l y  
d i s a p p o i n t i n g .  The o n l y  t i m e  t r a n s f e r  f o r  which t h e r e  was a dec rease  i n  t h e  ave rage  d a i l y  s t a n d a r d  d e v i a t i o n  
was UTC(N1ST) - UTC(CRL) ( f i g u r e s  4 and 5 ) .  L o o k i n g  a t  the t r a c k s  themse lves  we s e e  t h a t  many were a t  n i g h t  
f o r  each p a i r  o f  l o c a t i o n s .  A t  n i g h t  t h e  i o n o s p h e r i c  d e l a y  i s  much s m a l l e r  hence v a r i a t i o n s  a r e  s m a l l e r  and 
t h e  model i s  perhaps b e t t e r .  On t h e  o t h e r  hand. we used t h e  r e s u l t s  f r o m  t h e s e  t i m e  t r a n s f e r s  t o  compute a 
c l o s u r e  around t h e  wor ld .  F o r  t h e  c l o s u r e  we found  a s i g n i f i c a n t  improvement u s i n g  t h e  measured i o n o s p h e r i c  
v a l u e s .  

Labs 

UTC(0P) - UTC(N1ST) 
UTC(0P) - UTCCCRL) 
UTC(N1ST) - UTC(CRL) 

T a b l e  1: Average S tandard  D e v i a t i o n s  

From Common-View Time T r a n s f e r  

U s i n g  Model 1 ed V a l  ues U s i n g  Measured Values 

8 . 3  ns 
7.1 ns 

11.5 ns 

1 0 . 6  ns 
1 0 . 1  ns  

8.6 ns 

329 



For  t h e  p a t h  DP - N I S T  t h e r e  were seven t r a c k s  p e r  day. O f  t hese .  s i x  were day t r a c k s  a t  OP and n i g h t  
t r a c k s  a t  N I S T .  w h i l e  one w a s  a n i g h t  t r a c k  a t  O P  and a day t r a c k  a t  N I S T .  I t  i s  s u r p r i s i n g  t h a t  t h e r e  i s  
n o t  some improvement u s i n g  t h e  B I P M  c a l i b r a t o r  s i n c e  s o  many t r a c k s  were d u r i n g  t h e  day a t  OP.  I n  a p r e v i o u s  
r e p o r t  an improvement was found  f o r  t r a n s f e r  f rom O P  t o  t h e  U n i t e d  S t a t e s  Naval  Observa to ry  i n  Washington,  
D C .  USA C61. One p o s s i b l e  e x p l a n a t i o n  i s  t h a t  t h e  B I P M  c a l i b r a t o r  does n o t  work  as w e l l  f o r  l ow  e l e v a t i o n  
a n g l e s .  and t h r e e  o f  t h e  day t ime  t r a c k s  were be low 31' a t  P a r i s .  
becomes more pronounced w i t h  l a r g e r  b a s e l i n e s .  
f o r  OP and f i v e  were d u r i n g  t h e  day a t  CRL. B u t  o f  t h e s e  f i v e ,  t h r e e  had e l e v a t i o n s  be low 30" a t  CRL. A 
p r e v i o u s  r e s u l t  showed an improvement  f o r  t h i s  same p a t h  C61. b u t  i t  was done a t  a d i f f e r e n t  t i m e  when t h e  
s a t e l l i t e s  were i n  d i f f e r e n t  p o s i t i o n s .  I n  a d d i t i o n .  i n  t h e  p r e v i o u s  r e s u l t  t h e r e  were more d a t a .  Fo r  t h e  
p a t h  N I S T  - CRL a l l  t h e  t r a c k s  were a t  n i g h t  a t  b o t h  l o c a t i o n s  excep t  one d u r i n g  t h e  day a t  CRL. 

I t  i s  a l s o  t r u e  t h a t  ephemer is  e r r o r  
S i m i l a r l y  f o r  t h e  p a t h  OP - CRL. a l l  t h e  t r a c k s  were a t  n i g h t  

I n  f i g u r e  6 we show t h e  c l o s u r e  around t h e  w o r l d  u s i n g  t h e  t i m e  t r a n s f e r  va lues  d i s c u s s e d  above. The 
average va lues  and t h e i r  s t a n d a r d  d e v i a t i o n s  a r e  shown i n  t a b l e  2 be low.  

Tab le  2:  C l o s u r e  Around The Wor ld  

I o n o s p h e r i c  E s t i m a t e  Average S tandard  D e v i a t i o n  

Model 1 ed 12.7 ns 5.4 ns 

Measured - 4.9 ns 3.4 ns 

There i s  a c l e a r  improvement  w i t h  t h e  use o f  t h e  measured ionosphere .  
d a i l y  d e v i a t i o n s  were n o t  l e s s e n e d  f o r  i n d i v i d u a l  t i m e  t r a n s f e r s  i n  t h i s  exper imen t .  t h e  d e v i a t i o n  d i d  d rop  
f o r  t h e  c l o s u r e ,  and t h e r e  w a s  a b i a s  i n  t h e  use o f  t h e  G P S  i o n o s p h e r i c  model. 

CONCLUSIONS 

We have seen two d i f f e r e n t  i o n o s p h e r i c  c a l i b r a t i o n  systems,  b o t h  g i v i n g  s i m i l a r  measurements o f  t h e  
i o n o s p h e r i c  d e l a y  f rom G P S  s a t e l l i t e s .  
r o t a t i o n  measurements. 
measurements t o  G P S  commondiew t i m e  t r a n s f e r ,  and f o u n d  t h a t ,  i n  t h i s  exper imen t ,  t h e  s t a n d a r d  d e v i a t i o n  
ac ross  t h e  d i f f e r e n t  t r a c k s  each day does n o t  g e n e r a l l y  dec rease ,  t hough  i t  does i n  one o f  t h e  t h r e e  cases.  
We do f i n d .  however. t h a t  c o m b i n i n g  t h e  t h r e e  t i m e  t r a n s f e r s  u s i n g  t h e  i o n o s p h e r i c  measurements t o  o b t a i n  a 
c l o s u r e  y i e l d s  an improvement .  
n i g h t .  use o f  t h e  GPS i o n o s p h e r i c  model can p roduce  t i m e  t r a n s f e r  r e s u l t s  wh ich  a r e  as s e l f  c o n s i s t e n t  a s  
r e s u l t s  wh ich  use measured i o n o s p h e r i c  v a l u e s .  Bu t  t h e  measured v a l u e s  s t i l l  improve  t h e  accu racy  of t h e  
t i m e  t r a n s f e r .  We have a l s o  shown t h a t  t h e  i o n o s p h e r i c  c a l i b r a t i o n  systems can make many measurements o f  
i o n o s p h e r i c  d e l a y .  and these  s h o u l d  be q u i t e  use fu l  f o r  s t u d y i n g  t h e  i o n o s p h e r e  i t s e l f .  
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NlST Calibrator at OP 
Vertical Delay Using All Satellites 
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Figure 1: Data from the NIST ionospheric calibrator at O P  
converted for the vertical delay. Since the calibrator tracks 
all satellites in view there can be significantly different 
points of intersection with the ionosphere at one time. Hence 
there is a spread in the vertical delay at a given time. In 
addition, there is a variable bias between satellites and perhaps 
measurement noise. 
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BIPM Ionospheric Calibrator 
Vertical Delay Using All Satellites 
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Figure 2: Data from the BIPM ionospheric calibrator. 
Fluctuations here can be due to the same effects as for the data 
in figure 1. 
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Vert i cal Io no sp here, Boulder 
January, 1990 
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Figure 3 :  A comparison of measurements of the ionosphere using 
two different techniques: the NIST/GPS calibrator and Faraday 
rotation from a GOES satellite. Faraday rotation measures the 
ionosphere only up to 2000 km. Signals from GPS satellites 
pierce the ionosphere in different places than that from the GOES 
satellite. Also, there are biases in data from GPS satellites. 
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Figure 4 :  Time transfer residuals from NIST, Boulder to CRL, 
Tokyo with the data corrected for the ionosphere using the 
broadcast GPS model parameters. 
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Figure 5: Time transfer residuals from NIST to CRL with the data 
corrected for the ionosphere using measured values from the NIST 
type calibrator in Boulder and the BIPM type calibrator in Tokyo. 

- 

- 

- 

- 

- 

- 

CLOSURE AROUND THE WORLD 
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Figure 6 :  Closure around the world using the time transfer 
links: UTC (OP) -UTC (NIST) + UTC (CRL) -UTC (OP) + 
UTC(N1ST)-UTC(CRL), computed with measured and modelled 
ionospheric delays. There is an improvement in the closure using 
the measured values, a decrease both in the bias and the standard 
deviation. 
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